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Abstract 
According to the characteristics of rotary ultrasonic machining, the paper designs rotary ultrasonic power matching circuits. It 
presents compound frequency tracking method that utilizing Phase-Locked Loop (PLL) on accurate frequency tracking and 
maximum current method on rough frequency tracking. A control strategy of frequency tracking based on adjusting matching 
inductance and driving frequency was described. The experimental results verify the proposed compound frequency tracking 
method is feasible and effective which eliminates temperature, load changed on the effect of the transducer. 
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1. Introduction 
Ultrasonic technologies are widely used in different 
industries. Ultrasonically assisted machining is the 
superimposition of ultrasonic vibration on a 
conventional machining processes, such as grinding, 
milling, drilling and other machining techniques. The 
ultrasonic generator is an important part in ultrasonic 
vibration system. The mechanical resonance frequency 
of generator will shift under different operating 
conditions of the transducer [1],[2]. To maintain the 
intensity of the ultrasound field, the frequency of the 
generator should be tuned to match the varied frequency 
(fs) of the transducer being excited. Therefore automatic 
compensation of a reactive component of impedance 
ultrasonic oscillatory system is necessary at changing 
external destabilizing factors during implementation of a 
process, for achievement of optimum conditions of a 
power transmission. 
In order to achieve frequency self-tracing quickly and 
accurately, various methods have been discussed in the 
past several decades. It is reported by Vladimir N. 
Khmelev. et al. that the electronic generator for self-
action maintenance of optimum operating mode are 
considered [3]. 
In this paper, the electrical equivalent circuit model of 
the USM is derived from the fundamental equations of 
electromechanical conversion theory [4]. The automatic 
resonant frequency tracking control methods are 
presented based on adjusting inductive and driving 
frequency. 
2. Operating Principle of the Piezoelectric 
2.1.  Equivalent Circuit of the piezoelectric 
The equivalent electric circuit of a piezoelectric 
transducer is shown in Fig.1 
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Fig.1. the equivalent electric circuit of a piezoelectric transducer 
In the presented circuit inductance Lm is equivalent to 
fluctuating mass of the system, capacity C1 is a 
flexibility, active resistance Rp is mechanical loss 
resistance, Rs is a radiation resistance of the vibrating 
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system, C0 is a static capacity of the transducer, Rd is 
dielectric loss in piezo material. 
The equivalent impedance of the piezoelectric 
transducer can be written as: 
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Here R1 is resistance resulted in parallel circuit. The 
transducer is necessary to connect additional inductive, 
because output impedance of electronic generator have 
active character. Inductor L together with capacitor C0 
formed a electric oscillatory circuit with resonance 
frequency, defined as 
0
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When equal to frequency of ultrasonic oscillatory 
systems, this is optimal case. At this condition 
impedance of ultrasonic oscillatory systems with 
addition inductive element have active character. 
Baseed on the equivalent circuit similar to the one 
shown in Fig.1, Mizutani has given the function Z(f) 
which describes the frequency-dependent impedance of 
the piezoelectric transducer. The corresponding phase 
difference function (f) of the transducer can be 
derived as 
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Rm is the equivalent resistance of the two paralle 
branches. The function (f) describes the phase 
difference between voltage and current. 
2.2. Frequency Characteristic of Piezoelectric 
Many factors, including material, mechanical and 
electrical construction, and the external mechanical and 
electrical load conditions, influence the behavior of a 
transducer. Piezoelectric ceramic is affected by working 
environment obviously, especially more sensitive to 
temperature. The temperature of transducer will rise 
after running period of time. The resonance frequency is 
changed with temperature rising or falling. The 
amplitude- frequency curves of  piezoelectric ceramic in 
different temperature are S1 and S2. The corresponding 
resonance frequency are 1 2. 
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Fig.2. the amplitude-frequency curves at different temperature 
When the transducer temperature is rised, the 
characteristic curve will changed from S1 to S2. The 
current working point is chosen as point A. If there is no 
frequency tracking, the working point A will shift to 
point B, and the the amplitude will decline to Ht. 
Therefore, ultrasonic generator is needed to reduce the 
driving frequency, make its working point from point A 
to point C which is the original amplitude (Hf). By 
changing the driving frequency, it can remain the 
original amplitude unchanged.  
3. Automatic tracking control implementation 
3.1. Frequency tracking circuit 
The phase locked loop (PLL) technique is used 
widely. The PLL technique has many advantages 
including high operating frequency, wide frequency 
band, and fast response. But it is short in low frequency 
resolution. The PLL method could cause some problems 
like tracing errors and loss of lock. The author proposed 
an improved method based on 74hc4046 and ARM chip. 
The PLL circuits used for frequency control is accurate 
frequency tracking. The frequency tracking accuracy is 
higher than software method. Frequency tracking circuit 
is shown in Figure 3. According to the phase lock loop 
to the frequency tracking is insufficient, the system 
chooses ARM as processor, used the timing counting 
chip 8254 and phase lock loop chip 4046 of the 
combining method which developed the advantage of 
the PLL circuit. This method overcomes the frequency 
tracking method only based on ARM which is deficient 
on accuracy. 
 
Figure 3.Frequency tracking based on PLL 
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In the design, the 8254 chip is a programmable 
frequency divider that can divide from 3850 to 8550. 
The division factor could be given by the ARM 
processor. Set a current threshold value by software, 
when the detection current is less than the threshold 
current, called the whole searching frequency module to 
scan the new resonant frequency. The frequency tracking 
module consists of Frequency sweeping function and 
frequency catching function (catch the operation 
frequency), and logic operation. 
In addition, because the characteristics of rotary 
ultrasonic machining, the current and voltage feedback 
signals are sampled from the primary side of rotary 
transformer.  
3.2. Matching circuit 
According to the matching principle, if the resonant 
frequency of the system changed, and matching circuit 
of matching inductance did not changeless. That is not  
able to offset the drifting frequency on transducer. When 
the temperature or the load are changed, the resonant 
frequency would move to a new resonance point. In 
order to solve the problem that caused by temperature or 
the load,  common method is to change the driving 
frequency adapt to the transducer internal parameters. In 
addition, the generator needs to adjust the matching 
inductance, and maintain  the voltage is  in phase with 
the current. 
Because the rotary ultrasonic transducer is supplied 
by  the rotating transformer, and the transducer is fixed 
in the hilt (BT30), matching inductance and capacitance 
are difficult to fixed in rotating hilt. So the rotary 
ultrasonic matching structure as shown in figure 4. 
Among them, C1 is blocking condenser. L and C2 are the 
matching inductance and capacitance. T is the rotating 
transformer. 
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Fig.4. matching circuit with a tunable choke 
3.3. Autoresonant control strategies 
The main purpose of the control system is to keep 
the vibrations of the ultrasonic transducer at a specified 
level during the process of machining [5]. There are  
ultrasonic machining electrical parameter, like driving 
voltage, current and driving frequency etc. The driving 
frequency is the important inluence factors. Only 
working at the resonant frequency of the vibration 
system, the piezoelectric ceramic  generated the 
maximum amplitude. Due to the external conditions 
changed, the resonance frequency will change. The 
description of the control system operation is provided 
below. 
To perform the algorithm initially, the driving 
frequency that giving the maximum amplitude of 
vibration need to be find. So in digital ultrasonic power 
control system, the first to scan for the resonant 
frequency of the system. As we know, the current of the 
transducer is corresponding to the amplitude of the 
vibration system. Only work in the resonant frequency 
of the system, the transducer current is the largest. 
Secondly, the phase shift value has to be changed along 
with the alteration of the external conditions. Adjusting 
the matching inductance, so as to keep the current and 
the voltage in phase [6]. Thus the control system always 
aims at the most efficient autoresonant state. Control 
flow chart shown below. 
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Fig.5. Flow chart of frequency tracking 
4. Experimental results and discussion  
To evaluate the frequency tracing performance, the 
experimental system was set up as shown in Fig.6. The 
control strategy applied in rotary ultrasonic machine as 
shown in Fig.7. 
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Fig.6. Schematic diagram of the experimental system. 
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Fig.7. The rotary ultrasonic machine. 
The experimental transducer has an fs of 31468Hz, 
and its C0 is 6.337nF without load, measured by 
impedance analyzer (PV70A). 
4.1.  Matching inductance experiment 
To evaluate the effect of matching inductance, the 
phase between the current and driving frequency wave 
form are recorded. The current and frequency signals as 
shown in Fig.8. 
 
   
(a)  Before adjust the inductance 
 
(b) inductance adjusted 
Fig.8. the value of current during changing the inductance  
Digital oscilloscope used to detect the transducer 
current signal and the voltage signal in impedance 
transformer secondary windings (channel 1 and 2). 
Channel 3 used for the driving frequency signal. From a 
comparison of the two tests, we can see that it is affected 
obviously by adjusting matching inductance at the same 
driving frequency. 
4.2. Frequency Scanning experiment 
To evaluate the effect of the driving frequency, the 
current is detected from the secondary winding of the 
impedance transformer. The results were shown in Fig.9. 
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Fig.9. the value of current during changing the inductance  
Seen from the Fig.9, by adjusting the matching 
inductance, the voltage is in phase with the current. The 
system resonance frequency is corresponding to the 
maximum current of the transducer. The proposed 
frequency scanning control method is verified correctly. 
In addition, the resonant frequency changes with 
temperature resulting from self-heating and transducer 
environment. A control system is necessary to maintain 
the driving frequency at or near transducer resonance in 
order to obtain constant amplitude of oscillation and 
maximum efficiency. 
The transducer current increased by adding the 
driving voltage. At the same time, the  amplitude and the 
output power also rise. Further more, the transducer get 
hot after running a period time, resulting in the 
transducer internal parameters changed. By using the 
proposed control strategy, the driving frequency is 
consistent with the resonant frequency of the transducer. 
5. Conclusion 
In this paper, we proposed a compound control for 
frequency tracking. The control strategy was 
implemented on a practical ultrasonic machining system. 
The result proves that the method can effectively control 
and automatically track the resonant frequency for the 
rotary ultrasonic machining system. From the results of 
frequency scanning experiment, the amplitude of 
transducer is obvious in the mechanical resonance 
frequency. By adjusting the inductance, the voltage is in 
phase with the current. For the higher efficiency, it needs 
to change driving frequency and adjust the inductance 
synchronously. 
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